We investigate the neutral Higgs sector of the minimal supersymmetric standard model in explicit CP violation scenario. Within the context of the effective potential formalism, the masses of the neutral Higgs bosons at the one-loop level are calculated by taking into account the contributions of the following loops of ordinary particles and superpartners: top quark, the scalar top quarks, bottom quark, the scalar bottom quarks, tau lepton, the scalar tau leptons, W boson, the charged Higgs boson, the chargino, Z boson, the scalar and pseudoscalar Higgs bosons, and the neutralinos. We improve the one-loop radiative corrections to the neutral Higgs sector by explicitly including the contributions of the pseudoscalar Higgs boson loop to the masses of the neutral Higgs bosons at the one-loop level with explicit CP violation for a typical set of parameter values of the MSSM.
Introduction
For new physics beyond the standard model (SM) [1] , the enlargement of the Higgs sector is considered as one of indispensable ingredients, especially for supersymmetric models. Among various supersymmetric extensions of the SM, the minimal supersymmetric standard model (MSSM) is the simplest one in the sense that it has just two Higgs doublets in its Higgs sector [2] . In principle, in the models with multiple Higgs doublets, the violation of CP symmetry may be accomplished either spontaneously or explicitly by the mixing between the scalar and pseudoscalar Higgs parts [3] . In practice, however, it is known that at the tree level the Higgs potential of the MSSM conserves CP symmetry, because the complex phase can always be eliminated by rotating the Higgs fields. Thus, neither explicit nor spontaneous CP violation can happen in the MSSM at the tree level [4] . Even at the one-loop level the scenario of spontaneous CP violation is excluded, because the radiatively corrected Higgs potentential of the MSSM leads to a very light Higgs boson which is unacceptable by the CERN e + e − LEP2 data [4, 5] .
The remaining possibility at the one-loop level for the MSSM is then explicit CP violation scenario. A number of investigations have been devoted to examine explicit CP violation in the MSSM [6] . In those investigations it is well observed that the tree-level situation is considerably modified when radiative contributions are included. In particular, the MSSM Higgs potential with explicit CP violation is found to allow the lightest neutral Higgs boson to possess a mass above the expemental lower bound from the LEP2 data [6] . Therefore, the general consensus is that the MSSM at the one-loop level can accomodate explicit CP violation.
Quite recently, Ibrahim and Nath [7] have investigated explicit CP violation scenario, paying their attention to the phenomenological implications of the non-trivial CP phase on the chargino sector. They also have computed the scalar-pseudoscalar mixings arising from the neutralino sector, and compared with those from the chargino sector [8] . Their calculations are quite exhaustive since almost all the relevant loops are included: top quark, scalar top quark, bottom quark, scalar bottom quark, tau lepton, scalar tau lepton, W boson, charged Higgs boson, charginos, Z boson, neutral Higgs bosons, and neutralinos. They have reported that in the MSSM with explicit CP violation the neutralino exchange corrections to the mixings of the CP-even sector and the CP-odd sector are comparable to the chargino exchange corrections [8] .
We are interested in the same field, namely, the MSSM at the one-loop level with explicit CP violation. Our point of interest is, however, a little different. We are mainly concerned in the masses of the neutral Higgs bosons at the presence of explicit CP violation in the MSSM at the one-loop level. In order to evaluate the one-loop contributions to the neutral Higgs boson masses, we include all the loops of the relevant particles and superpartners. In particular, the contribution of the pseudoscalar Higgs loop is explicitly taken into account.
The inclusion of the pseudoscalar Higgs contribution is not only required but also necessary, because there is a non-trivial correlation between the ordinary particles and the corresponding superparticles in the one-loop effective potential. The running scale in the one-loop effective potential might be determined by irregular values for the calculations of the Higgs boson masses and their mixing elements if the number of ordinary particle loops be different from that of the corresponding superpartner loops.
In the neutral sector of the MSSM, there are Z boson and three neutral Higgs bosons as ordinary particles, and four neutralinos as superpartners. Thus, the radiative contribution of the pseudoscalar Higgs loops should be included, whenever the loops of Z boson, two scalar Higgs bosons are taken into account together with the loops of four neutralinos. The mass matrix for the neutral Higgs bosons at the one-loop level without the pseudoscalar Higgs contribution might lead to the different masses and the different mixing angles among the neutral Higgs bosons. These differences would also lead to different results for the Higgs productions and their decays.
In this paper, we evaluate the masses of the neutral Higgs bosons in the MSSM with explicit CP violation at the one-loop level. We take into account the loops of the pseudoscalar Higgs boson as well as all the loops that have been considered in the investigations of Ref. [8] , namely, the loops of top quark, the scalar top quarks, bottom quark, the scalar bottom quarks, tau lepton, the scalar tau leptons, W boson, the charged Higgs boson, the charginos, Z boson, the scalar Higgs bosons, and the neutralinos. Our investigation is focused on the contributions of the pseudoscalar Higgs loops. The masses of the neutral Higgs bosons in the MSSM at the one-loop level is evidently affected by the inclusion of the pseudoscalar Higgs contribution.
The MSSM Higgs sector
A starting point to evaluate the neutral Higgs boson masses in the MSSM with explicit CP violation may be the tree-level Higgs potential, which is given in terms of two Higgs doublets
where g 1 and g 2 are the U(1) and SU(2) gauge coupling constants, respectively, and m 2 i (i = 1, 2, 3) are the soft SUSY breaking masses. The three Pauli matrices are denoted by σ, and ǫ is an antisymmetric 2 × 2 matrix with ǫ 12 = 1.
It is well observed that there can be no CP phase in the above tree-level Higgs potential after rearranging the Higgs fields. Thus, the three soft SUSY breaking masses m 2 i (i = 1, 2, 3) are real. While m 2 i (i = 1, 2) can be either positive or negative, we choose m 2 3 to be positive. On the other hand, in order to accomodate the explicit CP violation scenario, we assume that the coefficients in the soft SUSY breaking terms are in general complex. To be specific, the following quantities are assumed to be complex in general: The Higgs mixing parameters with mass dimension µ, the U(1) gaugino mass M 1 , the SU(2) gaugino mass M 2 , and the trilinear soft SUSY breaking masses A t , A b , and A τ . The complex phases in these quantities are responsible for the CP violation. We take the soft SUSY breaking masses m Q , m T , m B , and m τ be real.
Now, as the electroweak symmetry is broken spontaneously, the Higgs fields develop nontrivial VEVs. Since we do not consider spontaneous CP violation, only the neutral components of H 1 and H 2 develop the VEVs v 1 and v 2 , respectively, which are assumed to be real and positive. The ratio of the two VEVs are defined as tan β = v 2 /v 1 . In terms of v 1 and v 2 , the quark masses are given as
, and the gauge bosons masses as
. At the same time, the tree-level masses of other particles and superpartners can be calculated. The scalar top quarks, the scalar bottom quarks, the scalar tau leptons, and the charginos obtain their tree-level masses as follows: pseudoscalar Higgs bosons, and then the scalar top quarks, the scalar bottom quarks, the scalar tau leptons, the chargino, and the neutralinos.
Among others, the top quark and scalar top quark contributions are known to be most dominant to radiative corrections to the tree-level Higgs sector for most of the MSSM parameter space. The contributions of the bottom and scalar bottom quark are not negligible for large tan β. It is also known that in the MSSM Higgs sector with explicit CP violation, the tree-level Higgs couplings to fermions and to gauge bosons are significantly modified by the radiative corrections due to the contributions of W boson, the charged Higgs boson, and the charginos [7] .
From the one-loop effective potential, we obtain two minimum equations for v 1 and v 2 . They are:
for v 2 , where the expressions for A i , B i , C i , and D i (i = 1, 2) are given in Appendix A and the various short-hand notations are defined as Note that these two minimum equations are not linear with respect to m 2 1 nor to m 2 2 , because the tree-level Higgs boson masses in the logarithmic functions contain them. Thus, it is impossible to solve the minimum equations to obtain m 2 1 or m 2 2 analytically. They will be solved numerically in the next section, to reduce the number of free parameters. Now, let us redefine the two Higgs doublets as
where h 1 , h 2 , h 3 are neutral Higgs fields and C + is the charged Higgs field. At the presence of the explicit CP violation, h 1 , h 2 , h 3 are mixed states of the CP parity. By differentiating the Higgs potential at the one-loop level with respect to the neutral Higgs fields, a 3 × 3 symmetric mass matrix for them is obtained in the (h 1 , h 2 , h 3 )-basis. The mass matrix at the one-loop level for the neutral Higgs fields may be decomposed as
where M 0 ij is obtained from V 0 , and M 1 ij from V 1 . In particular, M 1 ij may further be decomposed as
where, as the superscripts suggest, M t ij represents the radiative contributions from V t . Likewise, The elements of the symmetric tree-level mass matrix M 0 in the (h 1 , h 2 , h 3 )-basis are easily calculated as
where M 0 13 = M 0 23 = 0 indicates that there is no mixing between the scalar and the pseudoscalar components at the tree level, since no CP phase is present in the tree-level Higgs potential V 0 . We remark that m 2 3 in the above expressions is actually a function of both m 2 1 and m 2 2 through the minimum equations. Thus, although m 2 1 and m 2 2 are absent in M 0 ij , the tree-level masses should be calculated numerically.
For M 1 ij , we first calculate M h ij that comes from V h . The result is given as follows:
In these expressions, m 2 h , and m 2 H , and m 2 A are the tree-level masses of the scalar and the pseudoscalar Higgs bosons previously obtained, and they are nonlinear functions of m 2 1 and m 2 2 . Here, too, we have M h 13 = M h 23 = 0 because there is no CP phase in V h . In this sense, the explicit CP violation scenario in the Higgs sector of the MSSM may be regarded as the radiative CP violation, which appears only in radiative corrections due to superpartners, via the CP phases in soft SUSY breaking terms.
Next, we calculate Mχ 0 ij , the contributions of radiative corrections due to the four neutralinos. We obtain (7) where the excplicit expression for the first-order derivatives ∂m 2
, and the explicit expression for the second-order derivatives ∂ 2 m 2
Here, the formulae for A i , B i , C i , and D i (i = 1, 2) are the same as those in the minimum equations, and the formulae for A 3 , B 3 , C 3 , and D 3 are given as
The expressions for A ij , B ij , C ij , and D ij , (i, j = 1, 2, 3) are given in Appendix B. Actually, A ij = 0 for all i, j because four elements of the neutralino mass matrix are zero. Lastly, the remaining components of the one-loop mass matrices, namely, M t ij , M b ij , M τ ij and Mχ ij are also calculated, and the results are given in Appendix C.
In the scenario of explicit CP violation, both M 13 and M 23 are responsible for the scalarpseudoscalar mixing and eventually account for the CP violation. In particular, M t i3 , 2) are zero, as noticed above. Mχ 0 i3 (i = 1, 2) have complicated expressions, but in the mass matrix, one can see that every term is proportional to sin(φ 1 + φ 2 ) or sin φ c since B 3 , C 3 , D 3 , and B i3 , C i3 , D i3 (i = 1, 2) are proportional to the phases.
Numerical analysis
Now, we are in a position to investigate the effect of CP phases in the one-loop corrected MSSM Higgs sector. We first investigate the difference between the case with CP phases and the one without them.
A. CP conserving case
If all of the five CP phases vanish in the Higgs sector at the one-loop level, CP symmetry would be conserved. In this case, the scalar-pseudoscalar mixing would disappear because both M 13 and M 23 of the mass matrix of the neutral Higgs bosonss become zero. In other words, the mass matrix would become block diagonalized if the CP phases be all absent.
We first separate the imaginary part from the neutral Higgs sector to obtain the mass of the pseudoscalar Higgs boson at the one-loop level without CP phases. The result can be written as
where (m 2 A ) 0 is the square of the tree-level mass of the pseudoscalar Higgs boson and (m 2 A ) 1 is the radiative correction to it . The square of the tree-level mass is given as
and the radiative corrections is further decomposed as
where each term is obtained essentially from V t , V b , V τ , Vχ, V h , and Vχ 0 , respectively.
Explicitly, they are expressed as follows:
Next, we turn to the real part of the neutral Higgs sector to obtain the masses of the two scalar Higgs bosons at the one-loop level without CP phases. The squared masses of the two scalar Higgs bosons are given by the eigenvalues of a 2 × 2 mass matrix, and analytically calculated as
where M ij (i, j = 1, 2) are the elements of the mass matrix at the one-loop level without CP phases. Thus, they consist of all the loop contributions, namely,
and Mχ 0 ij , as well as the tree-level values M 0 ij . We would not write down the full expressions for m 2 h,H , since they are complicated functions of many parameters coming from the soft SUSY breaking in the MSSM. Moreover, to obtain numercal values for the neutral Higgs boson masses, the minimum equations should also be solved numerically. Now, for numerical calculations, we need concrete numbers. We set m t = 175.0 GeV, m b = 4.0 GeV, m τ = 1.7 GeV, m W = 80.4 GeV, and m Z = 91.1 GeV. Then, the remaining relevant free parameters are Λ,
, and M 1 . For simplicity, we set m Q = m L = 500 GeV, m T = m B = m E = 800 GeV, A t = A b = A τ = 300 GeV, and M 2 = M 1 = 200 GeV. Further, we set m 3 = 200 GeV and µ = 400 GeV. We are then left with Λ, m 1 , m 2 , and tan β.
Among Λ, m 1 , m 2 , and tan β, two of them may be eliminated by using the minimum equations. Usually, m 1 and m 2 may be chosen. However, as aforementioned, the minimum equations are not linear in m 1 and m 2 . On the contrary, one can observe that both of the two minimum equations are linear in the running scale Λ. Hence, we choose one minimum equation, the one for v 1 , and solve it to obtain analytically the running scale Λ. The other minimum equation, the one for v 2 , is then solved numerically with respect to m 1 by using the bisection method. Finally, the remaining parameters, m 2 and tan β, are fixed at certain values.
In this way, we calculate the radiatively corrected Higgs boson masses at the one-loop level without CP phases. Tables 1 and 2 summarize the numerical results at the one-loop level without CP phases. The entries of Tables are the elements of the mass matrix of the neutral Higgs bosons in the (S 1 , S 2 , A)-basis, where all the contributions are fully listed. The unit is (GeV) 2 . Note that there are no columns for the M 13 and M 23 because the scalar-pseudoscalar mixing is absent and the mass matrix is block diagonalized since the CP phases are zero. The number in the last row in each column is the sum of the numbers in the preceding rows in the same column. The last column lists the contributions to M 33 , which are solely responsible for the pseudoscalar Higgs boson, whereas the first three columns account for the 2 × 2 submatrix for the scalar Higgs boson masses.
In Table 1 , we set m 2 = 150 GeV and tan β = 5, for the range of |m 1 | < 1000 GeV. We obtain Λ = 799.7 GeV and m 1 = 456.0 GeV as the solutions for the minimum equations. From the numbers in Table 1 , the mass of the pseudoscalar Higgs boson is given as
and the masses of the two scalar Higgs bosons are calculated as
at the one-loop level without CP phase. We set m 2 = 150 GeV and tan β = 20 in Table 2 . Here, in Table 2 , we obtain m 1 = 917.4 GeV and Λ = 911.3 GeV from the minimum equations. For this choice of parameter values, the mass of the pseudoscalar Higgs boson is obtained as
at the one-loop level without CP phase. We have some comments on the radiative corrections due to the loops of Z boson, the neutral Higgs bosons, and the neutralinos. One can observe in both Table 1 and Table 2 that the sum of M h 12 and Mχ 0 12 are comparatively large. This implies that the contributions of Z boson, the neutral Higgs bosons (both scalar and pseudoscalar), and neutralinos play important role in the radiative corrections to the mixing between the scalar Higg bosons at the one-loop level.
On the contrary, one can find in Table 1 that, for the mass of the pseudoscalar Higgs boson, the contributions of Z boson, the neutral Higgs boson and neutralino loops are smaller than those of the charged Higgs boson and charginos or those of top quark and scalar top quarks but larger than those of bottom quark and the scalar bottom quarks or those of tau lepton and the scalar tau leptons. In other words, for the values of parameters as set in Table 1 , we have
The situation is slightly different in Table 2 . The contribution of the neutralino sector is smaller than any other ones except for that of the scalar tau sector.
B. CP violating case
Now, let us consider the CP violating case. If there exist some CP phases in the Higgs potential at the one-loop level, they would produce the scalar-pseudoscalar mixing through non-zero M 13 and M 23 and thus generate explicit CP violation in the neutral Higgs sector. In the MSSM Higgs sector, we show that there are in general five CP phases. They are contained in the masses of the scalar top quarks, the scalar bottom quarks, the scalar tau leptons, the charginos, and the neutralinos.
As an illustration, we set φ t = φ b = φ τ = φ c (φ 2 ) = φ 1 = π/4 to see the effects of these CP phases in the mass matrix of the neutral Higgs boson in the (h 1 , h 2 , h 3 )-basis. We repeat the calculations done for Tables 1 and 2, and show the results in Tables 3 and 4. Tables 3 and  4 summarize the numerical results at the one-loop level with five CP phases. The entries of Tables are the elements of the mass matrix of the neutral Higgs bosons in the (h 1 , h 2 , h 3 )-basis, where all the contributions are fully listed. The unit is (GeV) 2 . Note that, as the CP phases induce the CP violation through the scalar-pseudoscalar mixing, the columns for the M 13 and M 23 are also present in Tables 3 and 4 . The number in the last row in each column is the sum of the numbers in the preceding rows in the same column. The values of relevant parameters in Table 3 are the same as those in Table 1 , except for Λ and m 1 . The numbers of these two parameters are given as the solutions for the minimum equations. Since the minimum equations now contain the CP phases, they would be obtained differently from the case of Table 1 where CP phases are absent.
For Table 3 , we obtain Λ = 800.1 GeV and m 1 = 454.6 GeV as the solutions for the minimum equations. The differences in these numbers between the cases of Table 1 and Table 3 are evident though small they might be. For this choice of parameter values in Table 3 , the masses of the three neutral Higgs bosons are calculated as
at the one-loop level with CP phases (φ
Similarly, the values of relevant parameters in Table 4 are the same as those in Table 2 , except for Λ and m 1 . For Table 4 , we obtain Λ = 912.6 GeV and m 1 = 911.9 GeV as the solutions for the minimum equations. For this choice of parameter values in Table 4 , the masses of the three neutral Higgs bosons are calculated as m h 1 = 120.7 (GeV) , m h 2 = 918.3 (GeV) , m h 3 = 922.4 (GeV) , at the one-loop level with CP phases (φ t = φ b = φ τ = φ c (φ 2 ) = φ 1 = π/4).
In Tables 3 and 4 Table 4 contribute most dominantly to the scalar-pseudoscalar mixing. Thus, Tables 4 indicate that the radiative corrections due to the neutralino loops contribute most significantly to the CP mixing effects.
In Tables 3 and 4 , the contributions of the pseudoscalar Higgs boson loops deserve some detailed discussions. Tables 1 and 2 . Without the contribution of the pseudoscalar Higgs boson loops, the value of (m 2 A ) h would be zero, and consequently m A at the one-loop level would be changed, even if the change would not be significant.
The contributions of the neutralino loops depend crucially on the CP phase φ 1 . In other words, the CP phase φ 1 occurs only in the expressions for the neutralino contributions. Now, in order to examine in more detail the dependence of the contributions of the neutralino loops on φ 1 , we plot M t 13 , Mχ 13 , Mχ 0 13 , and M 13 as functions of φ 1 in Fig. 1(a) , where the values of other parameters are the same as Table 3 . Likewise, in Fig. 1(b) Fig. 1(a) . We do not plot M τ 13 and M b 13 in Fig. 1(a) , nor M τ 23 and M b 23 in Fig. 1(b) , since the tau lepton and scalar tau lepton contributions as well as the bottom quark and scalar bottom quark ones to M 13 or M 23 are found to be small for the whole range of φ 1 .
We repeat calculations for the parameter values of Table 4 in Fig. 2 (a) to plot M t 13 , Mχ 13 , Mχ 0 13 , and M 13 as functions of φ 1 . In Fig. 2(b Fig. 2(a) . Here, too, we do not plot M τ 13 and M b 13 in Fig. 2(a) , nor M τ 23 and M b 23 in Fig. 2 Fig. 2(b) is quite strong, whereas that of Mχ 0 23 in Fig. 1(b) is rather mild. For M 13 , the contributions of the neutralino loops are either smaller or larger than other contributions for some values of φ 1 . For the case of Fig. 1(a) the sizes of those radiative contributions may be sorted as |Mχ 0 13 | > M t 13 > Mχ 13 for 0 < φ 1 < 0.22π, 0.32π < φ 1 < 0.52π, and 0.74π < φ 1 < π. For M 23 , both Figs. 1(b) and 2(b) show that the contributions of the neutralino loops are larger than other contributions for the whole range of 0 ≤ φ 1 ≤ π. The contributions of the loops of top quark and scalar top quarkss come next, and the contributions of the loops of W boson, the charged Higgs boson, and charginos are almost null for the full range of φ 1 . Therefore, one may note that the contributions of the neutralino loops to M 23 mixing for the range of 0 ≤ φ 1 ≤ π are larger than the contributions of other loops.
Conclusions
In the MSSM, the tree-level neutral Higgs sector may be divided into the scalar part and pseudoscalar part, and there is no mixing between them. Any phase that can cause the scalarpseudoscalar mixing, hence the CP violation, can be absorbed away at the tree level. At the one-loop level, where explicit CP violation is viable by introducing several CP phases in the effective Higgs potential, the scalar-pseudoscalar mixing inevitably occurs. The scalar-pseudoscalar mixing is manifested by the non-vanishing M 13 and M 23 matrix elements of the neutral Higgs bosons. Evidently, these off-diagonal elements affect the masses of the neutral Higgs bosons when the mass matrix is diagonalized.
We have investigated the masses of the neutral Higgs bosons in the MSSM at the one-loop level with explicit CP violation. In explicit CP violation scenario, five non-trivial CP phases are introduced, from the soft SUSY breaking terms of the MSSM Lagrangian, in the masses of the scalar top quarks, the scalar bottom quarks, the scalar tau leptons, the charginos, and the neutralinos. These phases penetrate into the mass matrix of the neutral Higgs bosons. We have considered all the contributions of relevant loops: The loops of the pseudoscalar Higgs boson as well as all the loops of top quark, the scalar top quarks, bottom quark, the scalar bottom quarks, tau lepton, the scalar tau leptons, W boson, the charged Higgs boson, the charginos, Z boson, the scalar Higgs bosons, and the neutralinos.
In the MSSM with explicit CP violation, the mass matrix elements that are responsible for the scalar-pseudoscalar mixing receive large contributions from the four neutralinos for some values of the relevant parameters. Also, the mass matrix element that becomes the squared mass of the pseudoscalar Higgs boson in the limit of CP conservation can be significantly changed by the contribution of the pseudoscalar loop.
Appendix A
The coefficients that appear in the first derivatives of the neutralino masses with respect to the neutral Higgs fields in the minimum equations are given as follows:
and
Appendix B
The coefficients that appear in the second derivatives of the neutralino masses with respect to the neutral Higgs fields in the radiatively corrected mass matrix for the neutral Higgs bosons are given as follows:
,
, and A 12 = 0 ,
, and A 13 = 0 ,
) .
The elements for the mass matrix of the neutral Higgs bosons due to the radiative contributions of the bottom quark and scalar bottom quarks are
The elements for the mass matrix of the neutral Higgs bosons due to the radiative contributions of the tau lepton and scalar tau leptons are
.
The elements for the mass matrix of the neutral Higgs bosons due to the radiative contributions of the W boson, charged Higgs boson, and charginos are
. 
Figure Captions
GeV and m 3 = 200 GeV, µ = 400 GeV, m Q = 500 GeV, m T = 800 GeV, A t = 300 GeV, and M 2 = 200 GeV. We set tan β = 5. These values for the parameters are the same as Table  3 , except that φ 1 is taken as a variable. We also plot Mχ 0 13 (dashed curve), M t 13 (dot-dashed curve), and Mχ 13 (dotted curve). Table 4 : φ t = φ b = φ τ = φ c (φ 2 ) = π/4; m 2 = 150 GeV, m 3 = 200 GeV, µ = 400 GeV, m Q = 500 GeV, m T = 800 GeV, A t = 300 GeV, and M 2 = 200 GeV; tan β = 20; and φ 1 is taken as a variable. Mχ 0 13 (dashed curve), M t 13 (dot-dashed curve), and Mχ 13 (dotted curve) are also plotted. 
